Low Salinity Waterflooding in Sandstones: A Meta-Analysis to Identify the Underlying Mechanisms by Kalim, Fawwad & Kalim, Fawwad
  
 
IMPERIAL COLLEGE LONDON 
 
 
 
 
 
 
 
 
Department of Earth Science and Engineering  
 
Centre for Petroleum Studies 
 
 
 
 
 
 
 
 
 
 
Low salinity waterflooding in sandstones: A meta-analysis to identify the 
underlying mechanisms 
 
 
 
 
By 
 
 
 
Fawwad Kalim 
 
 
 
 
 
 
 
 
 
 
A report submitted in partial fulfillment of the requirements for the MSc and/or the DIC. 
 
 
 
 
September 2014
 
i 
  
DECLARATION OF OWN WORK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I declare that this thesis: “Low salinity waterflooding in sandstones: A meta-analysis to identify the underlying mechanisms” 
is entirely my own work and that where any material could be construed as the work of others, it is fully cited and referenced, 
and/or with appropriate acknowledgement given. 
 
 
 
 
Signature: ........................................................................................ 
 
 
 
 
Name of student: Fawwad Kalim 
 
 
 
 
Name of supervisors:  Professor Matthew D. Jackson          
      Dr. Jan Vinogradov 
                                      
  
 
ii 
Low salinity waterflooding in sandstones: A meta-analysis to identify the underlying mechanisms                                                                                             
 
Abstract  
 
Low salinity waterflooding, an improved oil recovery technique, was often used in the 1970s prior to injection of surfactant; 
however the past 20 years have seen an increase in the research and discussion of the mechanisms driving the low salinity 
effect (LSE) in sandstones, which can promote oil recoveries between 2-38% (Lager et al. 2008a) and provide an economic 
incentive to field production economics over IOR modes like freshwater or CO2 injection. 
 
Researchers and reservoir engineers are still unable to determine the underlying mechanisms driving the LSE, with the absence 
of a quantitative definition amidst the qualitative definitions provided by the hundreds of research papers published since the 
1960s. 
 
This paper provides the results of a multivariable regression study performed through the framework of a meta-analysis, 
drawing correlations and conclusions based on the studies published to-date. 
 
This meta-analysis will enable a predictive model for IOR, and the determination of the mechanisms through validation of 
statistically driven result through comparisons with findings from literature. 
 
From the meta-analysis study it was established that a negative correlation exists between temperature, total clay, and the 
relative contribution of potential determining ions upon IOR. The linear model used for the regression cases is analyzed and 
thorough analysis of permutations and combinations of variables for the observation of IOR are presented 
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Abstract 
Low salinity waterflooding, an improved oil recovery technique, was often used in the 1970s prior to injection of 
surfactant; however the past 20 years have seen an increase in the research and discussion of the mechanisms driving the low 
salinity effect (LSE) in sandstones, which can promote oil recoveries between 2-38% (Lager et al. 2008a) and provide an 
economic incentive to field production economics over IOR modes like freshwater or CO2 injection. 
Researchers and reservoir engineers are still unable to determine the underlying mechanisms driving the LSE, with 
the absence of a quantitative definition amidst the qualitative definitions provided by the hundreds of research papers 
published since the 1960s. 
This paper provides the results of a multivariable regression study performed through the framework of a meta-
analysis, drawing correlations and conclusions based on the studies published to-date. 
This meta-analysis will enable a predictive model for IOR, and the determination of the mechanisms through 
validation of statistically driven result through comparisons with findings from literature. 
From the meta-analysis study it was established that a negative correlation exists between temperature, total clay, and 
the relative contribution of potential determining ions upon IOR. The linear model used for the regression cases is analyzed 
and thorough analysis of permutations and combinations of variables for the observation of IOR are presented  
Introduction  
Low salinity waterflooding is an enhanced oil recovery technique, utilising the injection of controlled salinities in petroleum 
reservoirs, typically by lowering the total salinity to less than 5,000ppm, and was often used in the 1970s prior to surfactant 
injection (Lager, et al., 2008). To date over 100 studies, including field and laboratory experiments have been conducted, 
attempting to identify the underlying mechanisms for the low salinity effect (LSE). Although a number of mechanisms have 
been proposed, there still lacks definitive proof of the underlying mechanisms for sandstone. Laboratory and field studies 
include coreflooding, spontaneous imbibition, single well chemical tracer tests and log-inject-log tests (Tang & Morrow, 
1999a; Morrow, 1999b; McGuire, et al., 2005; Webb, et al., 2004; Lager, et al., 2008). Oil recovery from low salinity 
waterflooding has ranged between 2-40% (Lager, et al., 2008).  
In this study, the underlying mechanisms that control improved oil recovery during low salinity water injection in 
sandstones will be quantified by using statistical techniques to synthesis the data from several experimental studies to arrive at 
summary conclusions, known as a meta-analysis. It will be used to calculate a summary estimate of the significance of rock 
and fluid properties for the observation of incremental oil recovery and to explore the reasons for differences in the effects 
between variables citied in experimental studies (Petitti, 2000).  
The correlation between increasing oil recovery, total clay weight percentage, coreflood temperature,  ion 
concentration of Calcium, magnesium, sulfate, sodium, potassium and chloride measured in mol/L is investigated using a 
linear model under a low salinity waterflooding scenario with the aim of establishing the underlying mechanisms as well as to 
identify relationships spanning across clay swelling and fines migration, pH increase and surfactant generation, multi-ion 
exchange (MIE), local increase in pH, or double layer expansion (DLE) mechanisms believed to contribute to the low salinity 
effect (Al-adasani, et al., 2012; Jackson, et al., 2014). In this statistical analysis, we are able to synthesise results from different 
studies in order to understand the relationships between variables in a quantitative sense, which in the best case scenario would 
require the consideration of a large pool of available and relevant data, this meta-analysis will then be able to highlight the key 
summary effects of the experimental studies that the narrative review approaches but discusses qualitatively.  To-date, only 
one paper by Aladasani et al. (2012) has been conducted on a parametric study using statistical analysis, measuring the 
sensitivities of low salinity waterflooding recovery mechanisms in sandstone reservoirs reporting on 411 coreflood 
experiments. Aladasani et al. (2012) used 19 studies on low salinity waterflooding in sandstones to examine the relationships 
between the variables in the core-flooding experiments, the variables Swi, formation brine, injection fluid cation, viscosity, 
ageing temperature, ageing time, test temperature, Amott Harvey Index (IAH), Interfacial tension (IFT), Clay, Calcite and 
Kaolinite were fed into JMP statistical software to generate one-to-one correlations. Aladasani et al. (2012) had indicated 
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strong correlations between Sor and chlorite and kaolinite, results also showed that oil aging time, brine cation concentration at 
Swi and divalent ion concentrations in the injected brine strongly influence Sor, emphasizing the possible role of wettability 
modification in low salinity waterflooding.  
Despite strong correlations existing between rock and fluid properties, Aladasani et al. (2012) was not able to 
generate a prediction model, reasons included missing dataset entries, and poor confidence levels when generating the plots. 
Therefore there currently lacks an understanding of the mechanisms driving the low salinity effect in sandstones that 
takes into consideration and appreciation the previously conducted experiments. 
 
 
 
The main objectives of this study include: 
1. Establish a criteria for including and excluding studies  
2. Abstraction of data from eligible studies 
3. Conduct statistical analysis of collected data 
4. Identify key parameters and mechanisms controlling the LSE 
 
 
In the late 1950s, it was Martin (1959) who was the first to suggest low salinity waterflooding as an IOR technique, and 
later hypothesis were based on the evidence that the effects of clay can cause large increases in the efficiency with which fresh 
water displaces high viscosity oils allowing Bernard (1967) to associate clay swelling as an IOR mechanism. The topic of IOR 
increased in popularity amongst researchers towards 1990-2000, before which discussions were focused around low salinity 
waterflooding advantages in relation to chemical/surfactant flooding (Strange and Cloud., 1976; Pope et al., 1978). It was 
Morrow and co-workers who detailed work demonstrating the low salinity effect in coreflooding experiments present in 
outcrop and reservoir sandstone (Jadhunandan and Morrow, 1995; Yildiz and Morrow, 1996; Tang and Morrow, 1997; 
1999a,b; 2002; Morrow et al., 1998; Zhang and Morrow, 2006). Research carried out by BP over 10 years spanning single 
well testing and reservoir temperature corefloods for clastic and carbonate reservoirs showed injection of salinities as low as 
3000ppm an effective displacement solvent whilst 6000ppm was shown to represent the upper limit for some of the studied 
systems (Lager et al. 2007). 
Since these earlier studies, the opportunity for controlled salinity waterflood under laboratory experiments and field trails, 
with synthetic seawater and cores being used whilst demonstrating its successful application. (e.g  Loahardjo et al. 2007, Lager 
et al., 2008a; 2008b; Patil et al., 2008; Alotaibi et al., 2010; Cissokho et al., 2010). Increases in oil recovery for low salinity 
compared to high salinity waterflooding have been shown to be as high 30-50% for corefloods (Webb et al 2004; McGuire et 
al 2005) and up to an increase of 5% OOIP for field tests (Ligthelm et al. 2009), with even 2% being economically viable in 
some circumstances (Winoto et al 2014), and decrease in residual oil saturations when waterflooding with low salinity brine 
(e.g. Seccombe et al. 2010). Moreover, in order to explain the low salinity effect, an increase in the number of laboratory 
experiments have occurred through the late 1990s to early 2000s giving rise to more data for zeta potential and mineral surface 
(e.g. Nasralla and Nasr-El-Din 2014), coreflood effluent brine composition oil-brine interfacial tension and pH(e.g. Lager et al 
2008a). However despite the continued interest in IOR and its mechanisms, a conclusive definition capable of explaining 
occurrences of the LSE have not materialized.  
 
 
. 
Methodology  
Prior to the 1990s, multiple studies would have been compiled for a narrative review, with an expert in the field reading the 
review, summarizing the finding and then drawing conclusions from it, however this approach suffers from two limitations, 
one of subjectivity, perceived differently for every reader, and the second is that they become less useful as more information 
becomes available (Borenstein, et al., 2009). A meta-analysis has, as a consequence over the past two decades become a more 
popular and influential method for quantitative synthesis, driven by research activity in the social and behavioural sciences 
(Wolf, 1986; Petitti, 2000). “A meta-analysis is the application of statistical procedure to collections of empirical findings 
from individual studies for the purpose of integrating, synthesising, and making sense of them” (Wolf, 1986).  
 
A meta-analysis is the stage that follows a systematic review, which compiled and discussed evidences supporting 
and disproving of a research question, the concluding features would then be summarised with statistical values representative 
of those often used to denote risk ratios, odds ratios and risk differences for outcomes from patient testing in the medical field. 
Similarly, this report will follow on from the works of (Jackson, et al., 2014) to draw summary and quantitative estimates to 
the underlying mechanisms responsible for the LSE. 
The meta-analysis is conducted through the compilation of studies deemed applicable to the research question, those 
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studies that fall outside of the established exclusion criteria are omitted from the final studies consideration. Motivations for a 
criterion can be to ensure quality studies of a particular design, control on publication bias, and study population. These 
criteria can appropriately be applied in numerous areas within all social, behavioural, and biomedical sciences and will also be 
considered for this meta-analysis conducted in the field of petroleum engineering.    
 
Study selection 
This report differs from the works of Aladasani et al. (2012), as the sample size of data is smaller than 411 coreflood 
experiments, and selective choices for variables to feed into the statistical software, R, were made, to compute R
2
 values to 
determine the goodness-of-fit for the generated regression models. A selection of 7 studies and 7 variables has been considered 
for statistical analysis that is coherent with what is currently known about the mechanisms of LSE.  
The distinguishing feature between the works of Aladasani et al. (2012), and this report, is the avoidance of 
comparing studies amongst one another when their total number of variables do not match. The matching variables between 
studies allows an effective comparison, whereas comparing studies of differing variables introduces the consideration that the 
results generated from such a statistical test may not be explained from when the missing/unreported data could determine the 
behaviour. This outlines part-contributes to the logic for the selection of 7 amongst a list of 109 studies. The section below 
outlines the thought-process for selecting the variables to be included in the regression.  
 
Mechanisms support variable choices    
Clay swelling and fines migration: Bernard (1967) suggested that the LSE is associated with clays montmorillonite and lucite 
resulting in clay swelling displacing water and oil. The LSE ceased after firing of the cores and injection of Ca
2+
 ions. Tang 
and Morrow (1999a) suggested that these actions stabilized or removed the fines, or because ion exchange was prevented with 
the clay minerals (Lager et al., 2008). To explain an association between clay swelling and fines migration, a predictive model, 
based on selections of variables from the list of studies relevant for this statistical analysis was made, composed of the 
elements that have resulted in the observation of the LSE, constituting change in pH (initial-injected) and the initial Ca
2+
 
concentration, presence of kaolinite and formation brines as low as 600ppm. If the prediction from this model is consistent 
with the findings of Agbalaka et al (2008), Boussour et al (2009) this would suggest fines migration is associated with the 
LSE.  
  
Chosen variables: Total clay and Ca
2+
.  
 
Multi-ion exchange (MIE): Lager et al., (2008) conducted experiments where effluent brine concentrations of Ca
2+
 
and Mg
2+
 ions where observed to fall below those in the low salinity injection brine, Lager et al., (2008)  suggested that the 
multivalent ions were linked  to the ion exchange between low salinity brine and clay minerals. This model hence predicts the 
LSE observation when Ca
2+
 and Mg
2+ 
cations in the formation brine interact with the clay minerals. To validate the model 
based on multi-ion exchange, variables from the list of data available on the experimental studies was conducted, resulting in 
choosing Ca
2+
 and Mg
2+ 
formation brine cations, and reported total clay (wt.%) to be a relevant means of proving association 
between the qualitative and quantitative assessments.  
 
Chosen variables: Ca
2+
, Mg
2+ 
and total clay 
 
Local increase in pH: This model predicts a LSE from an increase in pH resulting from the injection of low salinity 
brine, leading to the desorption of multivalent cations from clay mineral surfaces by protons, the resulting effect being the 
release of previously adsorbed acidic and base organic material. Observation of the LSE is dependent on the presence of a clay 
mineral along with Ca
2+
 and Mg
2+
 ions in the formation brine and presence of polar oil compounds that are initially adsorbed 
directly onto the clay. RezaeiDoust et al., (2011) indicated dependency of pH increase on cation affinity to clay minerals, with 
the largest increase in pH attributed to Na
+
, despite showing the lowest affinity, and argued that Ca
2+
 and
 
Na
+
 cations reflected 
differences in affinities towards clay mineral surfaces when a core containing crude oil and CaCl2 brine is injected with a high 
salinity NaCl brine, resulting in modest oil recoveries. The properties discussed here, which are responsible for the occurrence 
of the LSE will be included in the list of variables for the regression model. 
 
Chosen variables: pH, Ca
2+
, Mg
2+
,
 
Na
+
 and Cl 
 
Double layer expansion (DLE): This mechanism describes the expansion of the electrical double layer at the mineral-
brine interface, caused by low salinity brine injection, suggested to be the primary mechanism leading to the LSE (Ligthelm et 
al., 2009). Since it is well known that a reduction in injection salinity of moderate to low can cause the relaxation of the diffuse 
part of the electrical double layer, resulting in diffuse thickness increasing with decreasing ionic strength. The expansion of the 
double layer, due to low salinity brine also causes the electrostatic repulsion between the charged clay mineral and adsorbed 
polar oil component to increases, when this repulsive force exceeds the bindings forces, polar oil components are desorbed, 
yielding more water-wet mineral surfaces. 
 
Chosen variables: Total clay, pH, ionic strength, Ca
2+
, and Mg
2+
, 
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As a result, the potential determining ion (PDI) variables of interest for validation of these qualitative findings will be 
reported, including Na, Cl, Ca
2+
, and Mg
2+
,in the regression model to identify whether the prediction is a validation for or 
against the conclusions set forth by Jackson et al., (2014)  
Summary of mechanisms: based on the evidences, variables have been included in the regression model to satisfy the 
appearance of specific terms in the mechanism model. 
For each study, we obtained data on the study design, 1) coreflood temperature, 2) total clay content, number of 
corefloods, 3) change in pH, 4) total ionic strength, and 5) ion concentrations of Calcium, Magnesium and Sulfate. The 
motivation for the selection of these variables was driven by the evidences compiled by (Jackson, et al., 2014), where the 
underlying mechanisms of LSE occur at the mineral surface, consequently interest drawn away from bulk rock properties with 
a focus on interactions on the surface between crude oil, formation brine, and low salinity brine (Suijkerbuijk, et al., 2013). 
 
Study compilation  
To study the low salinity response relationships between increased oil recovery and the above stated groups of variables, a 
two-stage procedure was designed. In the first stage, LoSalX , containing 38 coreflood studies for which data was abstracted 
by (Jackson, et al., 2014) was allocated into groups of similar reported variables, these 38 studies were selected from the 109 
citations as they related experimental studies that resulted in IOR testing . In the second stage, the literature for which 
variables were matching was combined to form a single study, assuming all results were conducted under a similar study 
design. The subsequent data tables were used in the regression analysis. The compilation of the study papers goes against a 
statistical convention known as Simpsons paradox, the term paradox refers to the situation when one group can do better in 
every one of the included studies, but still do worse when the raw data are pooled (Borenstein, et al., 2009). 
The use of a single study which is an accumulation of data from 7 studies was opted for use over running regressions 
on individual studies, due to the errors encountered from data with no variance between coreflood trials, regression runs were 
producing singularities, and returning back statistical values which were of statistically insignificant, reporting negative R
2
 
values or models that do not take into account the variables being added to the regression, the lack of variance in the values of 
the variables prevented cross comparison of studies. 
 
Comparing individual studies 
Comparing individual studies was not possible using software R, as the data for variables was repetitive, i.e. there was no 
variance between values, hence causing errors in the predicted code.   
Singularities occur when the columns of X are not linearly independent. In particular this implies that the variables 
for which the model denotes ‘not available’ (NA) can be computed deterministically from the other explanatory variables, 
resulting from data points that have no variance between them (Ginzberg, Paul . paul.ginzberg05@imperial.ac.uk. R question. 
30 July 2014.) 
Regression model 
The regression model used for the analysis is a simple linear regression, which assumes there is a linear relationship between 
the independent parameters and the dependent parameter. The regression model assumes the following mathematical form. 
Equations 1 & 2 developed from Shahriar and Hamidi (2011) 
 
𝑌 = 𝐹(𝑋, 𝐵) + 𝑒𝑟𝑟𝑜𝑟 
Equation 1 
Where 
Y: is the dependent variable 
F is the function of X 
X represents the predictors (independent variables). 
B is the regression coefficient  
Hence, in the linear model, F is defined as: 
𝐹(𝑋, 𝐵) = ∑𝑏𝑗𝑥𝑗 
      Equation 2 
Where: 
𝑋𝑗 :is the jth predictor and  
𝑏𝑗 :is the ith regression coefficient. 
The ideal regression model is that which the predictor variables correlate highly with the dependent variable, but correlate 
minimally with each other, generating a “low noise” statistically robust model (Shahriar and Hamidi 2011). A linear model 
was selected to assess the outcomes and compare against a non-linear model, however time and knowledge on subject matter 
prevented this from occurring. 
    The regression analysis computes a measure of the statistical validity of the system equation through statistical values called 
the adjusted R
2
, p-value, and the standard error. The adjusted R
2 
corresponds to how close the study data fits the regression line 
a value of 1 is a perfect fit and a  value of zero indicates no correlation, “P value or calculated probability is the estimated 
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probability of rejecting the null hypothesis (H0) of a study question when that hypothesis is true” (Goodman & Royall, 2010), 
alternatively phrased as the P value is the probability of getting the results we have obtained, given that the null hypothesis is 
true, where the “null hypothesis is the hypothesis of no effect, or no correlation” (Goodman & Royall, 2010) between the 
observance of IOR and our independent variables, with smaller values representing a greater likelihood that the variable is a 
contributor towards the presence of IOR. If the P value <0.1, the variable was considered to have significant association with 
improving oil recovery in sandstones. The standard error term is a dimensionless number computed from the error in deviation 
from sum of squares, it also measures goodness of fit, with a smaller value representing a better fit (Hawkins 1994) 
 
The statistical output values from the regression software, R, cannot prove causality, hence checks are made of the ‘F’ 
value, a measure of significance of the correlation, the higher the ‘F’, the less likely a correlation is the result of chance, and 
the‘t’ values associated with each independent variable from a regression model represented by a larger value indicates a 
greater relative significance of that variable (Patchett 1977). 
 
Results 
A flow diagram for study inclusion in the regression is shown in table 1, a total of 38 articles were retrieved and 
checked for relevance in terms of coreflooding salinities, rock type, number of coreflood trails and reporting of oil recovery 
data. 
 
Table 1: Flow diagram for study selection 
  
 
Our literature search identified 38 applicable experimental studies, 7 which are included in the regression of IOR and 
injection salinities ranging between 0.3-16% OOIP and 500-39,500ppm respectively. Combined these studies included 39 
coreflood experiments, 39 secondary flooding and 30 tertiary flooding. Some studies reported tests on synthetic water 
71 citations excluded, title and/or abstract not 
relevant to the study endpoint, as IOR 
measurements not made, or was a wettability 
alteration study.
109 citations identified:
3 from electronic databases (OnePetro, Web of Knowledge)
106 from reference lists
38 full-text original articles considered for
inclusion
38 independent studies included to data 
abstraction
31 independent studies excluded, 7 selected 
studies reported the same variables, allowing 
consideration in regression, coherent 
comparisons not possible with non-reported 
data sections in the excluded studies.
7 studies included in regression analysis 
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salinities, controlled for waterflooding, whilst others used outcrop reservoir cores of Berea sandstone. General characteristics 
in the studies included in this regression analysis are shown in Table 2.  
 
 
 
 
Table 2: Summary of Core-flooding experiments 
Paper Reference Number 
Of Core 
Plugs 
Secondary 
Recovery 
Runs 
Tertiary 
Recovery 
Runs 
Total Clay 
Wt.% 
Coreflood 
Temperature 
(°C) 
Initial-Injection 
TDS Range (ppm) 
Ca+Mg 
Present 
pH 
Range 
Boussour et al., 
2009 
3 3 3 17.9 90 58320-1000 Yes NA 
Cissokho et al., 
2010 
5 5 5 39-45.5 35-60 50000-1000 Yes 7.5-10.2 
Li 2011 4 4 4 6 22 35540-500 Yes NA 
RezaeiDoust et 
al., 2010 
6 6 6 7.7-16 60-130 201000-32635 Yes 5.5-8.0 
RezaeiDoust et 
al., 2011 
7 7 7 10.3 40 100000-640 Yes 5.5-9.5 
Skrettingland et 
al., 2011 
3 3 3 28.9-54.8 90 35138-34825 Yes 7.5-12 
Tang and 
Morrow 1999b 
11 11 1 NA 55 9993-634 Yes NA 
Total 39 39 29 6 7 7 7 4 
 
Although the 7 studies tried to asses similar outcomes of oil recovery, they were slightly different in terms of overall 
design and outcome definitions; Li (2011) inserted crude oil saturated core plugs for aging for 75°C for 10 days, Boussour et al 
(2009) & Cissokho et al (2010) aged cores for 15 days at reservoir temperature of 90°C who both showed careful 
consideration to the establishment of Swi to prevent water saturation gradients, and RezaeiDoust et al (2011) aged at 60°C for 
14 days, with waterflooding sequences performed at 40°C. Most studies had coreflood experiments run at 90°C and in all 
studies some variant of total clay was specified. 
 All included articles were published between 1999 and 2011, Skrettingland et al (2011) flooded core samples with 
salinities ranging between 500-2000ppm and adjusted temperature to observe IOR sensitivity to coreflood temperature, 12 
core samples were analysed with XRD (Powder X-ray diffraction) to quantify clay amounts as weight percent. The study by 
RezaeiDoust et al (2010,2011) compared pH gradient in the low salinity flooding to IOR, and provided data to be used in a pH 
sensitivity study, hence it was included in the regression analysis despite potential bias in data from the same author source.  
 
Regression cases  
In all, 22 regression runs were made with data from the 7 studies combined, each testing a different case. The equations of the 
model took the form of equation 4, a linear regression model. 
 
𝑦~𝑥1 + 𝑥2 + 𝑥3 +⋯+ 𝑥𝑛 
Equation 3 
,   
Where the tilde is read as “is modelled as a function of”, and 𝑥 is the predictor variable and 𝑦 is the response variable. 
  
The description of each case, as denoted by the individual variables, is illustrated in table 3 
 
 
Regression run  
Case 1.1 was run with variables that make an appearance in each study, total clay, Calcium, Magnesium, Sulfate, Ionic 
strength, and temperature, except in Case’s ending in .2 after the decimal place, these specific cases were run with Ionic 
strength being excluded; Case 1.1 was considered the base case for values to be compared against, as subsequent cases are 
either manipulations of individual variables, as shown in table 3, or where excluded from a regression to investigate the effect 
on the relative significance and goodness of fit to the model. 
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No. of 
variable
s 
Case 
number 
 Variables 
6 Case 1.1 Ca  Mg SO4 Ionic strength Temperature Clay  
5 Case 1.2 Ca Mg SO4 Temperature Clay 
  
5 Case 2.1 Ca+Mg SO4 Ionic strength Temperature Clay 
  
4 Case 2.2 Ca+Mg SO4 Temperature Clay 
   
4 Case 3.1 (Ca+Mg)-SO4 Ionic strength Temperature Clay 
   
3 Case 3.2 (Ca+Mg)-SO4 Temperature Clay     
4 Case 4.1 (Ca+Mg)/(Na+K) SO4 Ionic strength Temperature Clay 
  
3 Case 4.2 (Ca+Mg)/(Na+K) SO4 Temperature Clay 
   
6 Case 5.1 SO4/Cl Ca Mg Ionic strength Temperature Clay 
 
5 Case 5.2 SO4/Cl Ca Mg Temperature Clay 
  
5 Case 6.1 (Ca+Mg)/(Na+K) So4/Cl Ionic strength Temperature Clay 
  
4 Case 6.2 (Ca+Mg)/(Na+K) So4/Cl Temperature Clay 
   
6 Case 7.1 Ca/Ionic strength 
Mg/Ionic 
strength 
SO4/Ionic 
strength 
Ionic strength Temperature Clay 
 
5 Case 7.2 Ca/Ionic strength 
Mg/Ionic 
strength 
SO4/Ionic 
strength 
Temperature Clay 
  
5 Case 8.1 
(Ca+Mg)/Ionic 
strength 
SO4 Ionic strength Temperature Clay 
  
4 Case 8.2 
(Ca+Mg)/Ionic 
strength 
SO4 Temperature Clay 
   
4 Case 9.1 
(Ca+Mg-
SO4)/Ionic strength 
Ionic strength Temperature Clay 
   
3 Case 9.2 
(Ca+Mg-
SO4)/Ionic strength 
Temperature Clay     
4 Case 10.1 (Ca+Mg)/SO4 Ionic strength Temperature Clay 
   
3 Case 10.2 (Ca+Mg)/SO4 Temperature Clay     
7 Case 11.1 Ca Mg SO4 Ionic strength Temperature Clay pH 
6 Case 11.2 Ca Mg SO4 Temperature Clay pH 
 
Table 3: List of variables and their combinations 
 
 
The statistical plots that follow are illustrating the most and least significant regressions generated by the cases, determined 
through evaluation of the P value, R
2
, F value and t value. 
 
 
 
The One Variable at a time (OVAT) method was used to investigate the impact of coreflood temperature, concentration of 
magnesium, calcium and sulfate, ionic strength and total clay wt.% on oil recovery efficiency in a linear model, for each case 
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Figure 1: Case 7.2 (Temperature) 
-8
-6
-4
-2
0
2
4
6
8
10
12
14
0 10 20 30 40 50 60
IO
R
 %
 
Total clay % 
Case 7.2 
Prediction
Upper 95%
Lower 5%
Figure 3: Case 7.2 (Total clay) Figure 4: Case 10.2 (Total clay) 
ionic strength was exclude from every even case. 
 
 
Sensitivity on temperature  
Figure 2 shows that at 90°C, case 3.2, a combination of (Ca+Mg)-SO4, predicts 1.7% IOR (P<0.001). Figure 1 shows 
a higher prediction estimate for IOR, with a wider variance between the confidence bands. Case 7.2, composed of altered 
variables from base case , Ca/Ionic strength, Mg/Ionic strength, SO4/Ionic strength, gives a predicted IOR of 2.7% at 90°C 
(P>0.1). F value for case 3.2 was 5.51, and for case 7.2 it was 3.39, this indicates that the correlation of regression model 3.2 
was less likely to be determined through a chance prediction. 
 
                             Figure 2: Case 3.2 (Temperature) 
                                    
Sensitivity on total clay  
Extending the OVAT method to total clay, figure 3 shows a predicted recovery of 4% IOR with 10% total clay (P<0.1). Figure 
4, variable (Ca+Mg)/SO4 replaces the Calcium, magnesium and sulfate terms in the base case, to predict 3% IOR at 10% clay 
with a larger confidence bandwidth (P>0.1). t value 1.8 and 0.5 for cases 7.2 and 10.2 respectively indicates total clay has a 
greater relative significance in case 7.2. 
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Figure 5: Case 2.1 (Calcium combination) Figure 6: Case 8.2 (Calcium combination) 
Figure 7: Case 9.1 (Ionic strength) Figure 8: Case 2.1 (Ionic strength) 
 
Sensitivity on Calcium combinations 
Figure 5 shows the sensitivity to oil recovery when variables calcium and magnesium and summed and treated as one variable, 
replacing their individual places in the regression model, showing a recovery of at 6% IOR with 0.05 mol/L of Calcium and 
Magnesium (P<0.001). Figure 6, variable (Ca+Mg)/Ionic strength, shows predicted recovery of 3% at 0.05(P>0.1). F value of 
4.08 & 2.47 for cases 2.1 & 8.2 respectively indicates that case 8.2 has a greater likelihood of being a correlation by chance. 
 
 
 
 
Sensitivity on Ionic strength   
Figure 7 shows the significance of ionic strength when considered amongst the 22 cases, the best case, with the lowest attained 
P values was case 2.1, predicting  9% IOR at 34 (mol/L) (P<0.1). Figure 8 shows when Ionic strength is formulated as a ratio 
of the PDI, recovery is predicted at 3% IOR at 34 (mol/L) (P>0.1). Reported  t values for case 2.1 & 9.1 are 1.82 & 
0.01indicaing the sensitviity of IOR to change in Ionic strength in the presence of multivalent ions calcium and magnesium. 
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Table 4: Variance of R-squared for models with and without ionic strength 
 
Goodness-of-fit parameter R
2
 
Cases were run comparing the R
2
 value of ions reported as concentration (mol/L), and milliequivalent (mEq/L), this 
investigation displayed results with no variance between R
2
, indicated that there is no impact from quoting values in either unit 
for experiments.   
The overall effect of removing the ionic strength variable is shown to improve the R
2 
value, with the trend apparent in table 4. 
A summation of the calcium and magnesium concentration values resulted in below threshold P values (P<0.1), however when 
treated separately, magnesium remained significant 6 out of 6 cases, whilst calcium remained significantly above threshold for 
all 6 cases (P>0.4). Sulfate was shown to have little association within the models, the Standard error value was reported a 
magnitude 10 greater than other variables in the regression with the lowest P value recorded being (P>0.2). An R
2
 close to 1 
for all 22 cases would mean that the independent variables can jointly explain the variation in the predicted IOR, however low 
R
2
 values as reported for these models indicates a poor prediction capacity. In this instance reports of R
2 
below the maximum 
of 0.24 suggests that the variables currently present in the models are substantively important, but do not explain the large 
amount of variation in the outcomes. This indicates that the variables not included in the models like crude oil properties AN 
and BN may improve the fitting parameter.  
 
 
 
 
 
  
  
   
 
 
Discussion  
The LSE has been investigated using data at core scale from 7 experimental studies. The observed trends from the OVAT 
analysis in the 22 regression models, in particular case 3.2 suggested that at higher coreflood temperatures recovery is 
expected to be smaller than recovery at lower coreflood temperatures (120°C recovering 3%, to 30°C recovering 5%). The 
wide range of recovery factors predicted by the models indicates the uncertainty in characterising IOR through data collected 
from multiple studies. The predicted incremental oil recovery from waterflooding at reservoir temperatures of 90°C for all 
cases ranged between 1.7% and 3% but was predicted higher at 5% to 6% at ambient temperature, 25°C. This is inconsistent 
with the findings of (Skrettingland, et al., 2011), who observed increase in oil recovery upon increasing the temperature from 
ambient. Ionic strength was observed to have a significant impact on oil recovery for below threshold P values, when ionic 
strength is varied between 25mol/L to 30mol/L, incremental oil recovery increases from 3% to 9%, however this does not hold 
true for case 9.1, ionic strength is statistically insignificant hence the IOR response is a horizontal gradient, predicting little 
change in IOR as Ionic strength increases. Expressing the PDIs either as a sum of calcium and magnesium or a ratio including 
a negative valence ion, alters the predictive capacity of the model. Case 2.1 shows how a wide range of predicted recovery 
ranging 3% to 7% for 0.2 to 0.05, case 8.2, (Ca+Mg)/ionic strength provides a weaker predictive capacity due to the large P 
values. Considering experimental studies conducted to-date, little or no data is present to determine the temperature 
dependence of the proposed MIE or DLE mechanisms, however, the prediction model generated the lowest scoring P values 
for cases where ionic strength was not reported, and when calcium and magnesium were combined together. 
It is however currently not possible from the regression analysis to identify whether clay swelling is a mechanism 
responsible for IOR, as clay presence in the regression does not directly correlate to fines migration/clay swelling, unless 
montmorillonite was specifically present (Bernard, 1967) . Secondly, there currently is not a reliable means to predict the 
occurrence of fines migration and swelling despite using differential pressure (DP) in a regression analysis. 
Cases run showing pH change (Case 11.1, 11.2) have resulted in insignificant P values being returned, and low F 
values, suggesting the correlation is the likelihood of chance.  
The mechanism of MIE, would require the presence of clay minerals, Ca & Mg cations in the formation brine, and for 
the polar oil compounds to have been adsorbed onto the clay mineral surface (Pingo-Almada, et al., 2013) 
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In this study, low salinity waterflood performance in a core sample containing 22% total clay, 0.12 mol/L Calcium, 
0.04 mol/L Magnesium, 0.02 mol/L sulfate, and 23.3 mol/L ionic strength is predicted to have a reduced efficiency for 
recovery at higher coreflood temperatures, this is contradictory to findings in the review of (Jackson, et al., 2014). The models 
used to predict this behaviour lacks a full and proper description that can be obtained from a large study, as it’s not clear  
whether the recoveries estimated in this report can reliably predict results at elevated temperature and pressure. Few data 
points in the elevated temperatures and seawater salinities range create obstacles for predicting behaviour across a wider IOR 
scale, which could be consistent with the findings of (Buckley, et al., 1989) in some cases that the salinity dependency of 
wettability was inverted at elevated temperatures. 
The linear regression model has shown to predict IOR, however, the compilation of 7 studies provided conflicting 
arguments for the regression, despite bulk properties being similar, the initial surface conditions may vary, with very few 
papers measuring electrical charge, reaction sites and cation-exchange capacity, preventing us predicting  the optimum 
conditions needed to observe the LSE, and may explain why outcrop and reservoir cores behave differently and why repeat 
coreflood experiments yield different results (Loahardjo, et al., 2010; Winoto, et al., 2012; Jackson, et al., 2014) 
Recommendations  
A meta-analysis can be confidently conducted, enabling the estimation of the mechanisms summary effect on the condition 
that forthcoming experimental studies investigate the reporting of key measurements that have up until now, been absent from 
reported data. These measurements should include reports on 1) initial conditions of the rock and fluid properties, including 
pH, wetting state, mineralogy determined though quantified samples of kaolinite, illite, montmorillonite and chlorite, and 
known crude polar components. 
Furthermore, a collection of coreflood trials under a similar study design, from each study paper, enabling the 
consideration of individual studies rather than lumping together studies for a regression analysis and meta-analysis. 
Subsequent regression analyses should conduct a model refinement study, investigating the accuracy of the prediction 
model based on a linear, non-linear, and polynomial fitting curve.  
 
Conclusions  
This work presents the meta-analysis results from 7 studies obtained from coreflooding trails from publicly available literature. 
The conclusions of the analysis are as follows: 
 
1. Reservoir temperature corefloods have a reduced recovery efficiency compared to ambient temperature corefloods.   
2. Ionic strength has a strong positive relationship with IOR when calcium and magnesium are added together.  
3. Temperature is a statistically significant variable, indicating that it is a necessity for conducting corefloods, requiring 
a specificity denoted by the prediction linear model 
Nomenclature  
 
Ca2+ 
Cl 
Mg2+ 
Na 
Calcium 
Chloride 
Magnesium  
Sodium 
Sor 
Swr 
°C 
 
 
 
Residual oil saturation 
Residual water saturation 
Temperature 
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Appendix  
A-1 
 
SPE Paper 
No. 
Year  Title Authors Contributions 
1411-G 1959 The effects of clay on the 
displacement of heavy oil by 
water 
John C. Martin  First to propose low salinity 
waterflooding enhances oil recovery, as 
well as providing evidence for clay in the 
sands that cause large increases in the 
efficiency with which water displaces oil.  
1725 1967 Effect of floodwater salinity 
on recovery of oil from cores 
containing clays 
George G. 
Bernard  
First to show improved oil recovery from 
fresh water in presence of clay 
(Kaolinite), behaviour described as clay 
swelling, pushing oil and water out of 
pore space. 
Journal of 
Petroleum 
Science & 
Engineering, 
vol.24, 
1999a Influence of brine 
composition and fines 
migration on crude 
oil/brine/rock (COBR) 
interactions and oil recovery 
Guo-Qing Tang, 
Norman R. 
Morrow  
First to identify core sample properties 
required for observation of IOR, in 
particular, mobile fines, connate water 
and adsorption from crude oil.  
89379 2004 Low salinity oil recovery-log-
inject-log 
K.J. Webb, C.J.J. 
Black, H. Al-
Ajeel  
A first in published field test, which was 
meticulously designed and carefully 
executed showing 25-50% reduction in 
residual oil saturation. 
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93903 2005 Low salinity oil recovery: an 
exciting new EOR 
opportunity for Alaska’s 
North Slope.  
P.L. McGuire, 
J.R. Chatham, 
F.K. Paskvan, 
D.M. Sommer, 
F.H. Carini 
First description of saponification given 
in literature regarding IOR. Identified 
potential mechanisms that result in 
improved oil recovery, which are likened 
to alkaline flooding, particularly 
interfacial tension reduction between oil 
and water, elevated pH increases water 
wettability of reservoir.  
119835 2009 Novel Waterflooding Strategy 
by Manipulation of Injection 
Brine Composition 
D. Ligthelm*, J. 
Gronsveld, J. 
Hofman , N. 
Brussee , F. 
Marcelis  & H. 
van der Linde  
First to propose Double Layer Expansion, 
with experimental studies indicating the 
reliance of electrical double layers and 
cation exchange processes that contribute 
to wettability modification and hence 
IOR. 
129767 2010 Chemical mechanism of low 
salinity waterflooding in 
sandstone.  
Tor Austad, 
Alireza 
RezaeiDoust and 
Tina Puntervold 
First to propose pH mechanisms, with 
effects of pH and salinity on adsorption 
onto different clay minerals described 
through ion exchange capacity. 
Interaction between low saline fluid and 
formation water/clay mineral interface 
described through cation exchange 
medium. Mechanism described through 
pH alteration of clay minerals through 
low salinity injection. 
129877 2011 Snorre low-salinity-water 
injection-coreflooding 
experiment and single-well 
field pilot 
K. Skrettingland, 
T. Holt, M.T. 
Tweheyo, I. 
Skjevrak. 
Identified a negligible gain from 
implementation of low salinity 
waterflooding, through both laboratory 
measurements and field tests, possible 
reasons stated as field wetting condition 
already close to optimal conditions, hence 
seawater injection already efficient. 
Petrophysics 
vol 49 No.1 
2008a low salinity oil recovery-an 
experimental investigation 
A. Lager, K.J. 
Webb, C.J.J. 
Black, M. 
Singleton, 
K.S.Sorbie 
Mechanism based on the extended DLVO 
theory and cation exchange is discussed in 
light of new data obtained through 
ambient and reservoir condition low 
salinity floods. Explains the relationship 
between previous conducted studies and 
their similarities to the tests in this paper, 
as well as stating a mechanism that is the 
‘cause’ for IOR with low salinity 
waterflooding. Draws a parable to 
previously conducted experiments and 
attempts to define the mechanism of IOR 
using the theory of cation exchange 
between the mineral surface and the 
invading brine. First use of multi-ion-
exchange used to describe low salinity 
mechanism.  
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SPE paper: 1725 
Title: Effect of floodwater salinity on recovery of oil from cores containing clays 
 
Author: George G. Bernard (1967) 
 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : First to show improved 
oil recovery from fresh water in presence of clay (Kaolinite), behavior described as clay swelling, pushing oil and water out of 
pore space. 
 
Objective of the paper: “investigate the relative effectiveness of fresh and salt waters in flooding oil from cores containing 
hydratable clays.”  
 
Methodology used: Floods carried out with natural and synthetic cores 
 
Conclusion reached: Fresh floodwater can produce more oil than brine when hydratable clays are present. The mechanism by 
which this occurs is, fresh water hydrates the clay and lowers permeability. 
 
Comments: Clays in cores are affected by fresh water (water with no salt present) as opposed to salt water. 
Permeability was found to decrease in 70% of samples contacted with fresh water. 
Morris, Ann and Gates: Sodium montmorillonite (a type of clay) found to occur in the pore spaces attached to sand grains, will 
swell 20 times its initial volume in the presence of fresh water. 
One idea suggested by the author is that “the fresh water causes the clay in the rock to swell, thereby decreasing pore space 
available to oil and water, and thereby increasing recovery.” 
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SPE paper: 1411-G 
Title: The effects of clay on the displacement of heavy oil by water 
Author: John C. Martin (1959) 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : First to propose low 
salinity waterflooding enhancing oil recovery, as well as providing evidence for clay in the sands that cause large increases in 
the efficiency with which water displaces oil. 
Objective of the paper: identify the effects of clay on the displacement of heavy oil by fresh water. 
Methodology used:  
Conclusion reached: “water may be a more desirable injection fluid than brine in some highly permeable reservoirs 
containing high viscosity crudes.” 
Comments: Assumption that connate water is displaced ahead of the injected water in a waterflood 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16 
Low salinity waterflooding in sandstones: A meta-analysis to identify the underlying mechanisms                                                                                             
 
SPE paper: N/A 
Title: Influence of brine composition and fines migration on crude oil/brine/rock (COBR) interactions and oil recovery 
Author: Guo-Qing Tang, Norman R. Morrow (1999a) 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : First to identify core 
sample properties required for observation of IOR, in particular, mobile fines, connate water and adsorption from crude oil.  
Objective of the paper: Identify the influence of brine composition and fines migration on COBR interactions and oil 
recovery. In the 1999 paper they found fines (kaolinite) being eluted (washed away) during low salinity waterflooding, 
resulting in the exposure of underlying surfaces.  
Methodology used: Use of single reservoir sandstone, that has been fired at 800 degrees C, and acidized 
Conclusion reached: “Observed recovery behaviour is ascribed to partial stripping of mixed-wet fines from pore walls during 
the course of waterflooding”  
Comments: Fines definition: “Formation fines may be defined as unconfined solid particles made up of clay minerals or non-
clay species deposited over geologic time or introduced during completion or drilling operations. Fines are always present in 
sandstone reservoirs. and their migration with flowing fluids can cause permeability impairment.” 
Fines identified to “play a key role in the sensitivity of oil recovery to salinity.” This conclusion was tested using a single 
reservoir Berea sandstone. 
Oil recovery was made to be independent of salinity through Tang & Morrows testing procedures. 
Crude oil shares a relationship with salinity and its sensitivity. Use of refined oil in experiment meant there was no effect on 
recovery from the saline solution. 
Crude oil saturation of 100% also showed no effect to salinity, suggesting the need for a connate water to be present.  
The authors distinguish from results that mobile fines, connate water and adsorption from crude oil necessary for IOR with 
decrease in salinity. 
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SPE paper: 89379 
Title: Low salinity oil recovery-log-inject-log 
Author: K.J. Webb, C.J.J. Black, H. Al-Ajeel (2004) 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : A first in published field 
test, which was meticulously designed and carefully executed showing 25-50% reduction in residual oil saturation 
Objective of the paper:   
Methodology used:  
Conclusion reached: Lab results shown to be applicable in near well bore environment, and low salinity waterflood produced 
significant incremental oil compared with high salinity waterflood.  
Comments: Proposed mechanisms include a “wettability change due to low salinity water weakening the polar attraction of 
crude oil through a water film to a solid surface.” 
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SPE paper: 93903 
Title: Low salinity oil recovery: an exciting new EOR opportunity for Alaska’s North Slope.  
Author: P.L. McGuire, J.R. Chatham, F.K. Paskvan, D.M. Sommer, F.H. Carini (2005) 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : First description of 
saponification given in literature regarding IOR. Identified potential mechanisms that result in improved oil recovery, which 
are likened to alkaline flooding, particularly interfacial tension reduction between oil and water, elevated pH increases water 
wettability of reservoir.  
Objective of the paper: evaluation of oil recoveries from North Slope reservoirs   
Methodology used: Four sets of single well chemical tracer tests performed (SWCTT).  
Conclusion reached: increase in oil recovery by low salinity waterflooding is real at the core scale, it is also real at the near-
well SWCTT scale. OR mechanisms of LoSal appear to be alkaline flooding, generation of surfactants, changes in wettability 
and reduction in IFT 
Comments: Recovery mechanisms thought to be similar to those found in alkaline flooding. 
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SPE paper: Petrophysics vol 49 No.1 
Title: low salinity oil recovery-an experimental investigation 
Author: Lager et al (2008a) 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : Mechanism based on 
the extended DLVO theory and cation exchange is discussed in light of new data obtained through ambient and reservoir 
condition low salinity floods. Explains the relationship between previous conducted studies and their similarities to the tests in 
this paper, as well as stating a mechanism that is the ‘cause’ for IOR with low salinity waterflooding. Draws a parable to 
previously conducted experiments and attempts to define the mechanism of IOR using the theory of cation exchange between 
the mineral surface and the invading brine. First use of multi-ion-exchange used to describe low salinity mechanism. 
Objective of the paper: This paper describes an experimental investigation into some of the factors control ling the increased 
oil recovery observed when low salinity brine is injected into oil sat u rated reservoir core samples.  
Methodology used: Extensive chemical analyses were per formed on the effluent showing the extent of interaction between 
the injected brine, the oil and the rock matrix.  
Conclusion reached: pH-induced IFT reduction or emulsification and fines migration are an effect rather than a cause  
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SPE paper: 129767 
Title: Chemical mechanism of low salinity waterflooding in sandstone.  
Author: Austad et al (2010)  
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : First to propose pH 
mechanisms, with effects of pH and salinity on adsorption onto different clay minerals described through ion exchange 
capacity. Interaction between low saline fluid and formation water/clay mineral interface described through cation exchange 
medium. Mechanism described through pH alteration of clay minerals through low salinity injection. 
Objective of the paper: Based on published data and new experimental results of coreflooding effects of pH and salinity on 
adsorption of acidic and basic organic components onto different clay minerals, clay properties like ion exchange capacity and 
selectively, and oil properties, a new chemical mechanisms is suggested which agrees with documented experiment facts.  
Methodology used: injection of low salinity fluid to promote desorption of Ca
2+
, creating a local increase in the pH close to 
the brine-clay interface because Ca
2+
 is substituted for H
+
 from the water.  
Conclusion reached:  injection of low salinity brine will cause desorption of adsorbed cations, which will increase the pH 
close to the water-clay interface because Ca
2+
 is substituted by H
+
 on the clay surface. Different clays have different 
adsorption/desorption pH windows, relevant close to about 5. 
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SPE paper: 119835 
Title: Novel Waterflooding Strategy by Manipulation of Injection Brine Composition 
Author: D. Ligthelm*, J. Gronsveld, J. Hofman , N. Brussee, F. Marcelis  & H. van der Linde 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : First to propose Double 
Layer Expansion, with experimental studies indicating the reliance of electrical double layers and cation exchange processes 
that contribute to wettability modification and hence IOR. 
Objective of the paper:  Design of injection brine is part of a strategy to improve on oil production in existing and future 
water flooding projects, in both sandstone and carbonate reservoirs and in combination with follow-up EOR projects. 
 
Methodology used:  
Conclusion reached: The presence of calcium in formation water is a major factor that causes reservoirs to become more 
oilwet. Therefore, seawater injection into the oil legs of reservoirs with formation water of rather low salinity level may 
make these reservoirs more oilwet. This in turn may suppress oil production 
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SPE paper: Geological Society of America Bulletin no. 6;749-779 
Title: ion exchange in clays and other minerals (1959) 
Author: Dorothy Carroll 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : Elaborated on the 
interaction with water of some salinity unbeknownst to me, with various lattice structured rocks.  
Objective of the paper: A review of existing papers at the time. 
Methodology used: lattice structures and their interactions with fluids given. 
Conclusion reached: At low pH values H+ replaces other cations. The order of 
replaceability of the common cations has been found to be: Li+ < Na+ < K+  < Rb+  < Cs+  and Mg2+  < Ca2+  < Sr2+  < 
Ba2+. 
Comments: “Ion exchange in clays and other minerals is dependent on the crystalline structure of the mineral and on the 
chemical composition of any solution in contact with the mineral”. 
“Generally the excess charge on the mineral is negative, and it attracts cations from the solution to neutralize this charge” 
“The common metallic cations found in exchange positions in clay minerals are Ca2+, Mg2+, Na+, and K+.” 
“Bivalent cations enter the exchange sites preferentially to univalent cations. The common Exchangeable cation in most clay 
minerals in soils is Ca2+.” 
“ion-exchange phenomena are not simple; they vary with the type of clay mineral, nature of replacing ion, pH of solution, 
concentration in the solution of the replacing ion, the associated ions in the solution, and cations already in the exchange 
positions of the clay minerals.” 
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SPE paper: New Mexico Petroleum Recovery Research Center 
Title: Influence of Electrical Surface Charges on the Wetting Properties of Crude Oils (1989) 
Author: J.S. Buckley; K. Takamura; and N.R. Morrow 
Contribution to the understanding of the underlying mechanisms of low salinity waterflooding : According to Buckley 
and Morrow (1990), they were able to show that pH was able to respond reasonably well with the cut-off predicted by 
calculations based on electrostatic forces and DVLO theory developed in this paper.  
Objective of the paper: Demonstrates the various conditions for which several crude oils adhere to a particular solid surface.  
Methodology used: “For a given oil, pH and ionic strength were varied to obtain a mapping of conditions under which 
adhesion occurs” 
Conclusion reached: “Lack of adhesion signifies the presence of a stable water film that results from double-layer repulsion 
between the crude oil and the solid surface.” 
Comments: The author has identified that there is a need to give a more basic understanding of factors that control wettability.  
“The existence of stable water films in the range of 1- to loo-nm [10- to I,OOO-A] thickness has been shown to depend on the 
presence of an electrical double-layer repulsion that results from surface charges  at the solid/water and water/oil interfaces 
being of the same sign.”= Buckley et al utilises the theory developed through past research to elaborate on the mechanisms 
causing a water film. 
“It has been shown that film stability is dominated by pH, brine concentration, and composition.” 
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